Abstract: Eleocharis acicularis, an aquatic macrophyte of the Cyperaceae family, has been shown to accumulate multiple heavy metals and has great potential for use in the phytoremediation of contaminated soil and water. To investigate the mechanism of accumulation of heavy metals in E. acicularis while excluding biotic and abiotic environmental effects and to acquire homogenous and sufficient populations of E. acicularis, we established an aseptic culture system and analyzed the applicability of this species for phytoremediation. Young ramet bases and stolon tips of E. acicularis grown in the field were sterilized, cultured, and established in an aseptic culture system, and the effective growth conditions of isolated ramets were determined. Isolated ramets grew remarkably well in a medium of pH 4.8 to 5.7 with 0.25 mg/L kinetin as a plant hormone. Furthermore, capacity for the accumulation of heavy metals was examined using E. acicularis subcultured with or without Si. Aseptically cultured E. acicularis showed a sufficient capacity for Cs and Zn accumulation and exceeded the criteria for hyperaccumulator plants in accumulating Pb, Cd, and In regardless of the addition or not of Si during its subculture. The aseptic culture of E. acicularis enhances its capacity for the accumulation of heavy metals and its applicability for phytoremediation.
Introduction
Pollution by heavy metals and metalloids is a serious global environmental problem. Various industrial activities, such as mining, urban sewage, and smelters, are known to be sources of heavy metals and metalloids that cause environmental pollution. Heavy metals and metalloids accumulate in soil and water and pose a risk to human health and the health of other living organisms. Some of these elements accumulate in the tissues of living organisms via bioaccumulation, and their concentration in living organisms at higher trophic levels increases via biomagnification [1] .
Although various physical and chemical methods have been developed for the removal of heavy metals and metalloids from contaminated substrates, almost all of these methods are expensive and require large investments [2] . By contrast, phytoremediation, a technology that involves the use of
Materials and Methods

Plant Material and Aseptic Culture Conditions
E. acicularis used in the primary culture was collected from a clump in an agricultural irrigation ditch in northwestern Shikoku, Japan. The plants were washed thoroughly with tap water followed by deionized water (DIW) to remove sediments. Stolon tips or young ramets developing near the stolon tips were excised 2 to 3 mm from each outthrust stolon or stem; sterilized with 0.15%, 0.45%, or 0.75% NaClO (available chlorine percentage) for 10 min; and washed with sterilized DIW five times. The explants were aseptically placed on 3 mL of solid medium in test tubes capped with aluminum foil and cultured at 22 • C under the continuous fluorescent light condition of 50-55 µmol/m 2 /s. The solid medium was Murashige and Skoog [11] containing 0.25% gellan gum (Wako Pure Chemical Industries, Tokyo, Japan), 1% sucrose, and 0.05% 2-morpholinoethanesulfonic acid-KOH (pH 5.7). After more than one month of culture, the growing ramets were placed into 100 mL of liquid medium, similar to solid medium but without gellan gum, in a plastic container (length, width, height 80 mm each; PLANTAN, Shibata Scientific Technology, Saitama, Japan). For the culture in the plastic container, the cap without the inner rubber seal was loosened by a quarter and the gap between the cap and the container was doubly sealed with Micropore Surgical Tape (1530-0, 3M Japan, Tokyo, Japan). After sufficient growth under the above light and temperature conditions, the plant community was cut into two with a scalpel and cultured individually in 100 mL liquid medium. E. acicularis cultures were maintained aseptically by subculturing every 3 weeks.
Analysis of the Effect of Plant Hormones and pH Conditions on the Growth of Young Ramets of E. acicularis
From growing stolons of aseptically cultured E. acicularis, young ramets with a length of 3-4 cm of terrestrial stems were excised while retaining 5 mm of outthrust stolons on both sides. Three excised ramets were placed into 15 mL of liquid medium supplied with plant hormones and adjusted pH in flat-bottom glass tubes (diameter 30 mm, height 120 mm; AGC Techno Glass, Shizuoka, Japan) with plastic caps (AGC Techno Glass) and cultured under the abovementioned light and temperature conditions. For plant hormones, 10,000 times the concentration of plant hormones dissolved in dimethylsulfoxide (kinetin as cytokinin: 0, 1, 2.5, 5, 10, or 25 mg/mL; gibberellic acid-3 (GA 3 ) as gibberellin: 0, 0.1, 1, or 10 mg/mL; 1-naphthaleneacetic acid (NAA) as auxin: 0, 0.1, 1, or 10 mg/mL) were added after autoclaving the liquid medium.
Preparation of E. acicularis Harboring Phytoliths
For the preparation of E. acicularis harboring phytoliths, autoclaved liquid medium was supplemented with 0.1 mM, 0.4 mM, or 1 mM Na 2 SiO 3 by adding 1000-fold concentration of stock solution (0.1 M, 0.4 M, or 1 M) sterilized with a 0.22 µm filter (Millex-GP, Merck Millipore, Damstadt, Germany). The pH of the medium with Na 2 SiO 3 was then adjusted with HCl by adding stock solution (0.2 M, 0.8 M, or 2 M) sterilized with a 0.22 µm filter (Millex-GP). The volume for addition of the stock solution of HCl was determined beforehand by titration of the medium supplied with Na 2 SiO 3 . For the preparation of the plants subcultured with 0.1 mM Si for for analysis of Cs contents, plant communities were subcultured in the medium containing 0.4 mM Si for 3 weeks. After that, the plants were subcultured weekly in the medium containing 0.1 mM Si for 4 weeks. For the experiment using the plants subcultured with 1 mM Si, the plant communities subcultured every 3 weeks in the medium containing 0.1 mM Si for 6 months were further subcultured every 3 weeks in the medium containing 1 mM Si for 6 months for analyses of the contents of Si and Cs or 11 months for analyses of the contents of Zn, Pb, Cd, and In by inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
Staining of Phytoliths
Phytoliths in E. acicularis were stained with methyl red according to the method of [12] using toluene instead of benzene.
Heavy Metal Preparation
Stock solutions of 4.8 mg/mL Cs ( 133 CsCl solution of stable isotope), 1.0 mg/mL Zn (ZnSO 4 solution), 4.0 mg/mL Pb (PbCl 2 solution), 4.0 mg/mL Cd (CdCl 2 solution), and 4.0 mg/mL In (InCl 3 solution) were sterilized using a 0.22 µm filter (Millex-GP), added to sterilized DIW, and used to prepare the fundamental solution of 4.8 mg/L Cs, 4.1 mg/L Zn, 41 mg/L Pb, 47 mg/L Cd, and 38 mg/L In.
Experimental Setup and Sampling for Analysis of Heavy Metal Accumulation in E. acicularis
The whole plants cultured aseptically were washed thoroughly with DIW to remove the medium, and samples of 1.0 g fresh weight were placed in plastic containers (PLANTAN) with 100 mL of fundamental solution (DIW supplied with heavy metals). These samples were cultured at 22 • C under a continuous fluorescent light condition of 40-50 µmol/m 2 /s with shaking on a shaker (80 rpm, NR-10, TAITEC, Saitama, Japan). For analysis of Cs removal from the fundamental solutions at 0, 1, 4, 7, 10, 14, and 28 day(s) of culture, 50 µL was collected aseptically and used for inductively coupled plasma-mass spectrometry (ICP-MS). For analyses of Zn, Cd, Pb, and In removal at 0, 3, 7, and 14 day(s) of culture, 500 µL was collected aseptically and used for ICP-AES. After 28 days of culture for Cs accumulation analysis or after 14 days of culture for Zn, Cd, Pb, and In accumulation analyses, E. acicularis was harvested. For analysis of Cs contents in control samples, subcultured plants with 0.1 mM of Si described above and subcultured plants without Si were harvested and used for ICP-MS. For analyses of the contents of Zn, Pb, Cd, and In in control samples, subcultured plants with 0.1 mM of Si every 3 weeks for 6 months and subcultured plants without Si were harvested and used for ICP-MS.
Analytical Methods
2.7.1. Digestion of Plants for the Measurement of Cs, Zn, Pb, Cd, and In Harvested E. acicularis was washed thoroughly with DIW and dried in a ventilated oven at 80 • C for 48 h. The dried samples were ground into a fine powder using an agate mortar. For the measurement of Cs, Zn, Pb, Cd, and In, 20 mg of pulverized powder was digested in a polytetrafluoroethylene (PTFE) digestion vessel with a solution of H 2 O 2 , HNO 3 , and HF at 160 • C for 30 min and subsequent processing as described previously [13] . The resulting digested sample in 1.00 mL of 30% HNO 3 was diluted by 3% HNO 3 and used as the solution for analysis.
ICP-MS Analysis
The concentrations of Cs in fundamental solutions and digested plant samples and Zn, Pb, Cd, and In in digested control samples were analyzed with an inductively coupled plasma-mass spectrometer (Varian 820-MS, Varian, Mulgrave, Australia) at the Integrated Center for Sciences, Ehime University, Japan. For ICP-MS, the linier analytical calibration curves (R 2 = 0.99998 for Cs, 0.99984 for Zn, 0.99999 for Pb, 1.00000 for Cd, and 0.99998 for In) were created from 0, 10, and 200 µg/L for Cs or 0, 5, and 200 µg/L for Zn, Pb, Cd, and In using multi-element calibration standard 3 (PerkinElmer, Inc., Waltham, MA, USA). Rhodium standard solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was used as the internal standard. The analytical accuracy was verified using the NIES CRM #1 (Pepperbush), in which Cs concentration was published as 1.2 mg/kg. The concentration of Cs in NIES CRM #1 was determined as 1.28 mg/kg. Fundamental solutions and digested plant samples were diluted~500 and~250,000 times with 3% HNO 3 , respectively, and dilution factors were calculated according to the weights. The detection limits of Cs, Zn, Pb, Cd, and In in ICP-MS were 0.002, 0.05, 0.0006, 0.0003, and 0.0004 µg/L, respectively. These values were sufficiently lower than heavy metal concentrations in the sample solutions used in this study.
Atomic Absorption Spectrophotometry Analysis
The concentrations of Cs in digested plant samples were alternatively analyzed with an atomic absorption spectrophotometer (Z-8200, Hitachi, Tokyo, Japan) after~1000 times dilution in 5.0 mg/mL KNO 3 . The linear analytical calibration curve (R 2 = 0.99546) was created from 0, 0.50, 1.00, 2.50, and 5.00 mg/L of Cs using CsCl in 5.0 mg/mL KNO 3 . The detection limit of Cs with an atomic absorption spectrophotometer was 0.05 mg/L. This value was sufficiently lower than Cs concentrations in the solutions of digested plant samples used in this study.
ICP-AES Analysis
The concentrations of Zn, Pb, Cd, and In in fundamental solutions and digested plant samples were analyzed with an inductively coupled plasma-atomic emission spectrometer (Optima3000, PerkinElmer, Waltham, MA, USA) at the Integrated Center for Sciences, Ehime University, Japan. The linear analytical calibration curves (R 2 = 0.9999 for Zn, 0.99865 for Pb, 0.99903 for Cd, and 0.99901 for In) were created from 0, 10, 100, and 200 µg/L of Zn, Pb, and Cd using ZnSO 4 3 . The detection limits of Zn, Pb, Cd, and In in ICP-AES were 0.3, 5, 0.3, and 2 µg/L, respectively. These values were sufficiently lower than heavy metal concentrations in the sample solutions used in this study.
Analysis of Si Contents in Plants
The concentrations of Si were determined using the colorimetric molybdenum blue method [14, 15] . The 20 mg pulverized plant powder was digested in a PTFE digestion vessel with 375 µL of 35% H 2 O 2 , 375 µL of 61% HNO 3 , and 250 µL of 48% HF, and heated on a hotplate at 160 • C for 30 min and cooled down at room temperature for 30 min. In the same way, the digesting solution without pulverized plant powder was prepared for standards. Eighty microliters (80 µL) of the digested sample was diluted with 920 µL of 4% boric acid. After dilution, 40 µL of the diluted solution, 540 µL of DIW, 300 µL of 0.2 M HCl, 40 µL of 10% (NH 4 ) 6 Mo 7 O 2 (4H 2 O), and 40 µL of 20% tartaric acid were added and mixed in turn. After 20 min, 40 µL of reducing agent (1 mL of reducing agent was prepared by dissolving 5 mg of Na 2 SO 3 and 2.5 mg of 1-amino-2-naphtol-4-sulufonic acid in 970 µL of DIW and further dissolving 150 mg NaHSO 3 ) was added and mixed. After 1 h, absorbance of 600 nm and 830 nm were measured using a spectrophotometer (V-630BIO, JASCO Corp., Tokyo, Japan). The linear analytical calibration curve (R 2 = 0.99541 at 830 nm) was created from 0, 1, 5, 10, and 20 mM of Si using Na 2 SiO 3 . For preparation of diluted solutions for standards, the digesting solution was applied. The detection limit of Si with colorimetric molybdenum blue method was 0.166 mM for 600 nm or 0.05 mM for 830 nm. The detection limit was sufficiently lower than Si concentrations in the solutions of digested plant materials in this study.
BCF
The bioconcentration factor (BCF) provides an index of the ability of a plant to accumulate the metal with respect to the metal concentration in the substrate. The BCF was calculated based on the initial concentration of the given element in the solution as described previously [10, 16] .
BCF =
Heavy metal concentration in plants (mg/kg dry weight (DW)) Initial concentration of the heavy metal in the solution (mg/L)
Replicates and Statistical Analysis
All replicates in Figures and Tables were biological replicates. All data analysis was performed in R 3.1.2 with auxiliary packages [17] . We first analyzed distributions of data using Kolmogorov-Smirnov test for confirmation of normal distribution. Then we analyzed the homoscedasticity of data of normal distribution using F-test. The data of non-normal distribution were analyzed using the two-sided Wilcoxon rank sum test as non-parametric test. The data of normal distribution were analyzed using the two-sided Welch t-test for heteroscedasticity of data.
Results
Morphological Features of E. acicularis
E. acicularis mainly increases its distribution by forming stolons in rivers, ponds, or paddy fields, although it forms seeds in the achenes in terrestrial conditions. Stolons show apical growth and form new ramets at semi-regular intervals ( Figure 1a ). The new ramet forms a terrestrial stem and roots, thus increasing the number of terrestrial stems and roots. Grown ramets form new stolons ( Figure 1b ) and increase the number of ramets. 
Establishment of an Aseptic Culture System
For the practical, aseptic primary culture of E. acicularis, we examined three concentrations of NaClO for the sterilization of explants and the parts used for explants (Figure 1c,d ). Young ramets developing near the stolon tips were excised (Figure 1c ), sterilized in NaClO (0.15%, 0.45%, or 0.75% of available chlorine), and cultured on solid medium. Figure 2a shows the result of one-week culturing. For a chlorine concentration of 0.75%, we observed a high rate of aseptic and living explants and a low rate of explants contaminated with microbes. Thus, a chlorine concentration of 0.75% was adopted for subsequent experiments. To verify the suitable parts for explants, we used stolon tips (Figure 1d ) in addition to young ramets ( Figure 1c ). Figure 2b shows that both stolon tips and young ramets are suitable for primary culture. Figure 2c ,d show the explants cultured for 31 days on solid medium. Both stolon tips and young ramets grew developed ramets with many terrestrial stems and roots. Therefore, both stolon tips and young ramets are suitable for primary culture. 
For the practical, aseptic primary culture of E. acicularis, we examined three concentrations of NaClO for the sterilization of explants and the parts used for explants (Figure 1c,d ). Young ramets developing near the stolon tips were excised (Figure 1c) , sterilized in NaClO (0.15%, 0.45%, or 0.75% of available chlorine), and cultured on solid medium. Figure 2a shows the result of one-week culturing. For a chlorine concentration of 0.75%, we observed a high rate of aseptic and living explants and a low rate of explants contaminated with microbes. Thus, a chlorine concentration of 0.75% was adopted for subsequent experiments. To verify the suitable parts for explants, we used stolon tips (Figure 1d ) in addition to young ramets (Figure 1c ). Figure 2b shows that both stolon tips and young ramets are suitable for primary culture. Figure 2c ,d show the explants cultured for 31 days on solid medium. Both stolon tips and young ramets grew developed ramets with many terrestrial stems and roots. Therefore, both stolon tips and young ramets are suitable for primary culture. 
For the practical, aseptic primary culture of E. acicularis, we examined three concentrations of NaClO for the sterilization of explants and the parts used for explants (Figure 1c,d ). Young ramets developing near the stolon tips were excised (Figure 1c) , sterilized in NaClO (0.15%, 0.45%, or 0.75% of available chlorine), and cultured on solid medium. Figure 2a shows the result of one-week culturing. For a chlorine concentration of 0.75%, we observed a high rate of aseptic and living explants and a low rate of explants contaminated with microbes. Thus, a chlorine concentration of 0.75% was adopted for subsequent experiments. To verify the suitable parts for explants, we used stolon tips (Figure 1d ) in addition to young ramets (Figure 1c ). Figure 2b shows that both stolon tips and young ramets are suitable for primary culture. Figure 2c ,d show the explants cultured for 31 days on solid medium. Both stolon tips and young ramets grew developed ramets with many terrestrial stems and roots. Therefore, both stolon tips and young ramets are suitable for primary culture. After growing aseptic plants on solid medium for more than one month, the plants were transferred to liquid medium in a plastic container. After growing fully in the plastic container, plants were divided into two parts. Each part was cultured in a new medium, and grown plants were subcultured once every 3 weeks (Figure 2e,f) as described above. Plant roots usually secrete various acids in the environment. Therefore, we also recorded the change in the pH of the E. acicularis subculture medium. In this subculture system, the pH of the medium decreased from 5.7 to 4.1 ± 0.1 (n = 3, ±standard error (SE)) during the culture of E. acicularis for 3 weeks. This system enables plants to grow continuously and allows the permanent use of aseptic plant materials.
Analysis of Effective Growth Conditions for Individual Young Ramets
In this study, we examined the effects of kinetin as cytokinin, GA3 as gibberellin, and NAA as auxin on the growth of isolated young ramets of E. acicularis. These hormones have been used for the promotion of growth in several plants that form stolons [18, 19] . We studied 64 culture conditions with various combinations of kinetin (0, 0.1, 0.5, 2.5 mg/L), GA3 (0, 0.01, 0.1, 1 mg/L), and NAA (0, 0.01, 0.1, 1 mg/L) for 4 weeks and measured the number of newly formed ramets and the weights of After growing aseptic plants on solid medium for more than one month, the plants were transferred to liquid medium in a plastic container. After growing fully in the plastic container, plants were divided into two parts. Each part was cultured in a new medium, and grown plants were subcultured once every 3 weeks (Figure 2e,f) as described above. Plant roots usually secrete various acids in the environment. Therefore, we also recorded the change in the pH of the E. acicularis subculture medium. In this subculture system, the pH of the medium decreased from 5.7 to 4.1 ± 0.1 (n = 3, ±standard error (SE)) during the culture of E. acicularis for 3 weeks. This system enables plants to grow continuously and allows the permanent use of aseptic plant materials.
In this study, we examined the effects of kinetin as cytokinin, GA 3 as gibberellin, and NAA as auxin on the growth of isolated young ramets of E. acicularis. These hormones have been used for the promotion of growth in several plants that form stolons [18, 19] . We studied 64 culture conditions with various combinations of kinetin (0, 0.1, 0.5, 2.5 mg/L), GA 3 (0, 0.01, 0.1, 1 mg/L) for 4 weeks and measured the number of newly formed ramets and the weights of communities formed from a ramet (Figure 3 ). Kinetin concentrations of 0.1 and 0.5 mg/L showed an accelerative effect on the number of newly formed ramets. Moreover, 0.1 and 0.5 mg/L kinetin, 0.1 and/or 1 mg/L of GA 3 , and 0.1 and/or 1 mg/L of NAA showed an accelerative effect on the number of newly formed ramets. The weight of the community formed from a young ramet increased remarkably in response to 0.5 mg/L of kinetin without GA 3 and NAA. However, the addition of GA 3 and/or NAA tended to show a suppressive effect on the number of newly formed ramets and the weight of the community formed from a young ramet in the absence of kinetin. Considering the remarkable accelerative effect of kinetin, we used it independently in further experiments.
Environments 2017, 4, 40 8 of 16 communities formed from a ramet (Figure 3 ). Kinetin concentrations of 0.1 and 0.5 mg/L showed an accelerative effect on the number of newly formed ramets. Moreover, 0.1 and 0.5 mg/L kinetin, 0.1 and/or 1 mg/L of GA3, and 0.1 and/or 1 mg/L of NAA showed an accelerative effect on the number of newly formed ramets. The weight of the community formed from a young ramet increased remarkably in response to 0.5 mg/L of kinetin without GA3 and NAA. However, the addition of GA3 and/or NAA tended to show a suppressive effect on the number of newly formed ramets and the weight of the community formed from a young ramet in the absence of kinetin. Considering the remarkable accelerative effect of kinetin, we used it independently in further experiments. Next, we examined the growth of isolated young ramets of E. acicularis in response to pH of the liquid medium in addition to the concentration of kinetin. Next, we examined the growth of isolated young ramets of E. acicularis in response to pH of the liquid medium in addition to the concentration of kinetin. 
Heavy Metal Accumulation
The aseptically cultured E. acicularis plants were exposed to heavy metals to evaluate their accumulation potential. Monocotyledons such as Poaceae and Cyperaceae frequently accumulate silicon as "plant opals", also known as phytoliths. We also examined whether silicon addition 
The aseptically cultured E. acicularis plants were exposed to heavy metals to evaluate their accumulation potential. Monocotyledons such as Poaceae and Cyperaceae frequently accumulate silicon as "plant opals", also known as phytoliths. We also examined whether silicon addition during subculture is effective for heavy metal accumulation. We used two types of plants subcultured either in the absence or in the presence of 0.1 mM Na 2 SiO 3 . The plants supplied with Si showed phytoliths under a light microscope (Figure 5a,b) . These plants were further exposed to approximately 4.8 mg/L Cs, and the concentration of Cs in the solution decreased steadily (Figure 5c ). The decreased Cs was effectively accumulated for 28 days by both plants subcultured with or without of 0.1 mM of Si (Figure 5d ). Cs accumulations were 2782 ± 48 and 2248 ± 99 mg/kg DW in −Si and +Si E. acicularis, respectively. during subculture is effective for heavy metal accumulation. We used two types of plants subcultured either in the absence or in the presence of 0.1 mM Na2SiO3. The plants supplied with Si showed phytoliths under a light microscope (Figure 5a,b) . These plants were further exposed to approximately 4.8 mg/L Cs, and the concentration of Cs in the solution decreased steadily ( Figure  5c ). The decreased Cs was effectively accumulated for 28 days by both plants subcultured with or without of 0.1 mM of Si (Figure 5d ). Cs accumulations were 2782 ± 48 and 2248 ± 99 mg/kg DW in −Si and +Si E. acicularis, respectively. Furthermore, we added 1 mM of Si during subculture to confirm the effect of higher concentrations of Si. The plants subcultured in the presence of 1 mM Na 2 SiO 3 showed the presence of phytoliths (Figure 6a,b) and the accumulation of Si (Figure 6c ). Moreover, Cs was accumulated in plants regardless of the presence or absence of Si (Figure 6d ). (Figure 6d) . Using the plants subcultured with or without of 1 mM Si, we investigated the accumulation of heavy metals from the solution with approximate concentrations of 4 mg/L Zn, 41 mg/L Pb, 47 mg/L Cd, or 38 mg/L In for 14 days (Figure 7 ). The concentrations of these heavy metals were selected according to the previous reports using E. acicularis [6] and our other experiments to estimate the ability of heavy metal accumulation. In addition, the duration of 2 weeks to expose plants to these heavy metals was selected to estimate minimum capacity of heavy metal accumulation based on the result of Cs removal from the basal solution ( Figure 5 ) that changes in the Cs concentration were prominent in first 2 weeks. Zn, Pb, Cd, and In were continuously removed from the solutions for two weeks (Figure 7a ) and effectively accumulated in plants both in the presence and absence of Si (Figure 7b ). Using the plants subcultured with or without of 1 mM Si, we investigated the accumulation of heavy metals from the solution with approximate concentrations of 4 mg/L Zn, 41 mg/L Pb, 47 mg/L Cd, or 38 mg/L In for 14 days (Figure 7 ). The concentrations of these heavy metals were selected according to the previous reports using E. acicularis [6] and our other experiments to estimate the ability of heavy metal accumulation. In addition, the duration of 2 weeks to expose plants to these heavy metals was selected to estimate minimum capacity of heavy metal accumulation based on the result of Cs removal from the basal solution ( Figure 5 ) that changes in the Cs concentration were prominent in first 2 weeks. Zn, Pb, Cd, and In were continuously removed from the solutions for two weeks (Figure 7a ) and effectively accumulated in plants both in the presence and absence of Si (Figure 7b ). Table 1 summarizes the results of heavy metal removal and accumulation in E. acicularis with or without Si addition during subculture. Table 2 showed the basal contents of Cs, Zn, Pb, Cd, and In in aseptically cultured E. acicularis. Although the basal content of Zn was 149 mg/kg DW because of Zn as the trace element of culture medium [11] , the basal contents of Cs, Pb, Cd, and In were 0.3% or lower than those in E. acicularis after accumulation of these heavy metals in Table 1 . Accumulation rates for Cs, Zn, Pb, Cd, and In were 73.5 to 100.1% regardless of Si addition or subtraction during Table 1 summarizes the results of heavy metal removal and accumulation in E. acicularis with or without Si addition during subculture. Table 2 showed the basal contents of Cs, Zn, Pb, Cd, and In in aseptically cultured E. acicularis. Although the basal content of Zn was 149 mg/kg DW because of Zn as the trace element of culture medium [11] , the basal contents of Cs, Pb, Cd, and In were 0.3% or lower than those in E. acicularis after accumulation of these heavy metals in Table 1 . Accumulation rates for Cs, Zn, Pb, Cd, and In were 73.5 to 100.1% regardless of Si addition or subtraction during subculture (Table 1) . In several conditions, accumulation rates were lower than 100%. This would be caused by precipitation of heavy metals, removal of adsorbed heavy metals by washing the plants with DIW, and/or adsorption to plastic containers during incubation. The BCF values for Cs, Zn, Pb, Cd, and In were 468 to 613 regardless of Si addition or subtraction during subculture. These results clearly indicate that E. acicularis cultured in aseptic conditions has a sufficient ability to accumulate the heavy metals Cs, Zn, Pb, Cd, and In with or without the addition of Si during subculture. 
Discussion
Primary Culture and Subculture Conditions
The stolon tips and basal parts of young ramets in E. acicularis are suitable materials for primary culture because they are viable and have a small size for the easy removal of microorganisms by sterilization. We collected native E. acicularis for primary culture in the field from April to early June because it grows well in spring and early summer and provides growing stolons that are suitable for primary culture. In the subculture system of E. acicularis, we could continuously multiply E. acicularis eight times in nine weeks in any season and area because of its doubling time of three weeks.
Growth Conditions for Young Ramets
This study showed that 0.25 mg/L kinetin and a pH of 4.8 to 5.7 are effective growth conditions for young ramets of E. acicularis (Figure 4 ). Although GA 3 and NAA were effective in increasing the number of ramets only in the presence of 0.1 or 0.5 mg/L of kinetin (Figure 3a) , GA 3 and NAA suppressed their growth in the absence of kinetin (Figure 3b ). Gibberellin has an elongation effect, but the extra application of gibberellin results in excessive elongation, as shown in the legginess of Oryza sativa due to infection with the fungus Gibberella fujikuroi (Sawada) W. [20] . The application of increased auxin results in enhanced root formation [21] . Cytokinin induces the formation of the shoot apical meristems and the growth of shoots [22] . Therefore, the application of an appropriate concentration of kinetin was thought to show a positive effect on newly formed ramets and to increase the number of stems. As kinetin is a natural product formed by the degradation of DNA [23] , it would be better than unnatural cytokinins for the environment when aseptically cultured E. acicularis is applied in the field. The suitable pH for effective growth was a weakly acidic pH of 4.8 to 5.7. Eleocharis acicularis was suggested to secrete protons and organic acids such as mugineic acid in the soil environment [24] . In this subculture system, the pH of the medium decreased from 5.7 to 4.1 during 21 days of subculture. E. acicularis would adjust to an ambient pH suitable for its growth by the secretion of various acids. E. equisetina, of the same genus, is resistant to an acid environment 4.3.3. Effect of Silicon Addition during Subculture of E. acicularis on Heavy Metal Accumulation Accumulation of heavy metals (i.e., Cs, Zn, Pb, Cd, and In) in -Si plants was the same as in +Si plants ( Figures 5-7 , Table 1 ), indicating that the addition of Si during subculture is not necessary for the accumulation of these heavy metals in E. acicularis. The localizations of these heavy metals in the cells are various. Cs was indicated to be absorbed by a K transporter [29] and was localized with K in Arabidopsis [30] . Zn was indicated to localize mainly in the vacuole [31] . Pb and Cd were mainly localized in the vacuole and cell wall [32] . The localization of In in plant cells was not shown. Si was shown to alleviate heavy metal toxicity in various plants [33] . In some plants, Si has been reported to form complexes and to co-precipitate with heavy metals in different plant parts. The effect of Si on heavy metal accumulation in E. acicularis for phytoremediation remains to be determined.
Conclusions
In conclusion, in this study, we established an aseptic culture system for E. acicularis. This system enabled E. acicularis to enhance its native capacity for the accumulation of heavy metals by the exclusion of biotic and abiotic factors in the field and by the supply of appropriate growth conditions. This system is efficient for analyzing the heavy metal accumulation mechanism in E. acicularis and its contribution to phytoremediation. This study also showed that Si addition during the subculture of E. acicularis is not necessary for heavy metal accumulation.
